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8.4: Colligative Properties- Boiling Point Elevation and Freezing Point Depression

&b Learning Objectives

Make sure you thoroughly understand the following essential ideas:

o Explain why boiling point elevation follows naturally from Raoult's law.
o Explaining freezing point depression is admittedly a bit more difficult, but you should nevertheless be able to explain how
the application of salt on an ice-covered road can cause the ice to melt.

The colligative properties really depend on the escaping tendency of solvent molecules from the liquid phase. You will recall that
the vapor pressure is a direct measure of escaping tendency, so we can use these terms more or less interchangeably.

Boiling Point Elevation

If addition of a nonvolatile solute lowers the vapor pressure of the solution via Raoult's law , then it follows that the temperature
must be raised to restore the vapor pressure to the value corresponding to the pure solvent. In particular, the temperature at which
the vapor pressure is 1 atm will be higher than the normal boiling point by an amount known as the boiling point elevation . The
exact relation between the boiling point of the solution and the mole fraction of the solvent is rather complicated, but for dilute
solutions the elevation of the boiling point is directly proportional to the molal concentration of the solute:

moles of solute
kg of solution

Ag =Kg
L i

malal boiling point elevation constant (K mol™ ka)
boiling point elevation (K}

Bear in mind that the proportionality constant Ky is a property of the solvent because this is the only component that contributes to
the vapor pressure in the model we are considering in this section.

Table 8.4.1: Boiling point elevation constants

solvent normal bp, °C Kp , K mol ™ kg
water 100 0.514
ethanol 79 1.19
acetic acid 118 293
carbon tetrachloride 76.5 5.03

v/ Example 8.4.1

Sucrose (Cy,017Hy,, 342 g mol™), like many sugars, is highly soluble in water; almost 2000 g will dissolve in 1 L of water,
giving rise to what amounts to pancake syrup. Estimate the boiling point of such a sugar solution.

Solution
moles of sucrose:

2000 g

———— 9 _ _58mol (8.4.1)
342 gmol!

mass of water: assume 1000 g (we must know the density of the solution to find its exact value)

The molality of the solution is (5.8 mol) + (1.0 kg) = 5.8 m.

Using the value of Kj, from the table, the boiling point will be raised by (0.514 K mol™' kg) x (5.8 mol kg™") = 3.0 K, so the
boiling point will be 103° C.
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Freezing Point Depression

The freezing point of a substance is the temperature at which the solid and liquid forms can coexist indefinitely — that is, they are
in equilibrium. Under these conditions molecules pass between the two phases at equal rates because their escaping tendencies
from the two phases are identical. Suppose that a liquid solvent and its solid (water and ice, for example) are in equilibrium (@
below), and we add a non-volatile solute (such as salt, sugar, or automotive antifreeze liquid) to the water. This will have the effect
of reducing the mole fraction of H,O molecules in the liquid phase, and thus reduce the tendency of these molecules to escape from
it, not only into the vapor phase (as we saw above), but also into the solid (ice) phase. This will have no effect on the rate at which
H,0 molecules escape from the ice into the water phase, so the system will no longer be in equilibrium and the ice will begin to
melt@,

pure water atits - P
freezing point H,0 ) = H,0 (s) @

as above, but with -
added solute HZO n = H20 (s) @

in equilibrium at .
new (reduced) HZO N = H20 (s)y @

freezing point

If we wish to keep the solid from melting, the escaping tendency of molecules from the solid must be reduced. This can be
accomplished by reducing the temperature; this lowers the escaping tendency of molecules from both phases, but it affects those in
the solid more than those in the liquid, so we eventually reach the new, lower freezing point where the two quantities are again in
exact balance and both phases can coexist @.

If you prefer to think in terms of vapor pressures, you can use the same argument if you bear in mind that the vapor pressures of the
solid and liquid must be the same at the freezing point. Dilution of the liquid (the solvent) by the nonvolatile solute reduces the
vapor pressure of the solvent according to Raoult’s law, thus reducing the temperature at which the vapor pressures of the liquid
and frozen forms of the solution will be equal. As with boiling point elevation, in dilute solutions there is a simple linear relation
between the freezing point depression and the molality of the solute:

moles of solute

AT =Kj————
f f kg of solvent

(8.4.2)

Note that Ky values are all negative!

Table 8.4.2: Freezing point depression constants

Solvent Normal Freezing Point (°C) K (K mol! kg)
water 0.0 -1.86
acetic acid 16.7 -3.90
benzene 5.5 -5.10
camphor 180 —40.0
cyclohexane 6.5 -20.2
phenol 40 -7.3

X Salting Roads

The use of salt to de-ice roads is a common application of this principle. The solution formed when some of the salt dissolves
in the moist ice reduces the freezing point of the ice. If the freezing point falls below the ambient temperature, the ice melts. In
very cold weather, the ambient temperature may be below that of the salt solution, and the salt will have no effect. The
effectiveness of a de-icing salt depends on the number of particles it releases on dissociation and on its solubility in water:

name Formula lowest practical T, °C

ammonium sulfate (NHy4)2SOy4 -7
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name Formula lowest practical T, °C
calcium chloride CaCl, -29
potassium chloride KCl -15
sodium chloride NaCl -9
urea (NH;),CO -7

Automotive radiator antifreezes are mostly based on ethylene glycol, (CH,OH),. Owing to the strong hydrogen-bonding properties
of this double alcohol, this substance is miscible with water in all proportions, and contributes only a very small vapor pressure of
its own. Besides lowering the freezing point, antifreeze also raises the boiling point, increasing the operating range of the cooling
system. The pure glycol freezes at —12.9°C and boils at 197°C, allowing water-glycol mixtures to be tailored to a wide range of
conditions.

v/ Example 8.4.2

Estimate the freezing point of an antifreeze mixture is made up by combining one volume of ethylene glycol (MW = 62,
density 1.11 g cm™>) with two volumes of water.

Solution
Assume that we use 1 L of glycol and 2 L of water (the actual volumes do not matter as long as their ratios are as given.) The

mass of the glycol will be 1.10 kg and that of the water will be 2.0 kg, so the total mass of the solution is 3.11 kg. We then
have:

o number of moles of glycol: (1110 g) + (62 g mol™!) = 17.9 mol

« molality of glycol: (17.9 mol) + (2.00 kg) = 8.95 mol kg™!

e freezing point depression: AT = (—1.86 K kg™' mol) x (8.95 mol kg™') = —16.6 K so the solution will freeze at about —
17°C.

Any ionic species formed by dissociation will also contribute to the freezing point depression. This can serve as a useful means of
determining the fraction of a solute that is dissociated.

v/ Example 8.4.3

An aqueous solution of nitrous acid (HNO,, MW = 47) freezes at —0.198 .C. If the solution was prepared by adding 0.100 mole
of the acid to 1000 g of water, what percentage of the HNO; is dissociated in the solution?

Solution
The nominal molality of the solution is (.001 mol) + (1.00 kg) = 0.001 mol kg1

But the effective molality according to the observed ATg value is given by

AT + K = (-198 K) +(-1.86 K kg mol™") = 0.106 mol kg™'; this is the total number of moles of species present after the
dissociation reaction HNO, — H* + NO™ has occurred. If we let x = [H*] = [NO, ], then by stoichiometry, [HNO,] = 0.100 - x
and .106 - x = 2x and x = .0355. The fraction of HNO, that is dissociated is .0355 + 0.100 = .355, corresponding to 35.5%
dissociation of the acid.

Another Perspective of Freezing Point Depression and Boiling Point Elevation

A simple phase diagram can provide more insight into these phenomena. You may already be familiar with the phase map for
water below.
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The one shown below expands on this by plotting lines for both pure water and for its "diluted" state produced by the introduction
of a non-volatile solute.
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The normal boiling point of the pure solvent is indicated by point @ where the vapor pressure curve intersects the 1-atm line —
that is, where the escaping tendency of solvent molecules from the liquid is equivalent to 1 atmosphere pressure. Addition of a non-

volatile solute reduces the vapor pressures to the values given by the blue line. This shifts the boiling point to the right @,
corresponding to the increase in temperature AT} required to raise the escaping tendency of the HO molecules back up to 1 atm.

To understand freezing point depression, notice that the vapor pressure line intersects the curved black vapor pressure line of the
solid (ice), which corresponds to a new triple point ® at which all three phases (ice, water vapor, and liquid water) are in

equilibrium and thus exhibit equal escaping tendencies. This point is by definition the origin of the freezing (solid-liquid) line,
which intersects the 1-atm line at a reduced freezing point ATy, indicated by @

Note that the above analysis assumes that the solute is soluble only in the liquid solvent, but not in its solid form. This is generally
more or less true. For example, when arctic ice forms from seawater, the salts get mostly "squeezed" out. This has the interesting

effect of making the water that remains more saline, and hence more dense, causing it to sink to the bottom part of the ocean where
it gets taken up by the south-flowing deep current.

A Thermodynamics Perspective on Freezing and Boiling

Those readers who have some knowledge of thermodynamics will recognize that what we have been referring to as "escaping"

tendency is really a manifestation of the Gibbs Energy. This schematic plot shows how the G's for the solid, liquid, and gas phases
of a typical substance vary with the temperature.

I The rule is that the phase with the most negative free energy rules.

The phase that is most stable (and which therefore is the only one that exists) is always the one having the most negative free
energy (indicated here by the thicker portions of the plotted lines.) The melting and boiling points correspond to the respective
temperatures where the solid and liquid @ and liquid and vapor @ have identical free energies.
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As we saw above, adding a solute to the liquid dilutes it, making its free energy more negative, with the result that the freezing and
boiling points are shifted to the left and right, respectively.

The relationships shown in these plots depend on the differing slopes of the lines representing the free energies of the phases as the
temperature changes. These slopes are proportional to the entropy of each phase. Because gases have the highest entropies, the
slope of the "gaseous solvent" line is much greater than that of the others. Note that this plot is not to scale.
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